The Tamar Trough, an Early Palaeogene fault structure, contains sedimentary beds and interleaved basaltic fl ows that infi ll the structure along its 70 km length. These infi lls represent a complex interplay between sedimentation, channel erosion, eruptive dislocations, and even 'out of trough' diyersions of the ancestral Tamar drainage. Several areas of resistant basalt fl ows remain in the south, upper, middle and lower Tamar reaches. Although some palynological control was known, radiometric dating of previously untested basalts now allows close integration and age-pegging for observed palynological biozones. The K-Ar and Ar-Ar ages of the basalt bodies indicate eruptive events at 47, 33-37 and 25 Ma, correlating with Proteacidites asperopo!us-Ma!vacipo!!is diversus, Nothofagites asperus and I'roteacidites tu bercu!atus biozone age sedimentary beds respectively. Basanite, alkali basalt and hawaiite fl ows dominate basalt lithology with lesser olivine nephelinite, transitional olivine basalt, olivine tholeiite and quartz tholeiite. Basalt geochemistry suggests derivation from different degrees of partial mantle melting (from 7 to 35%), with alkaline and tholeiitic basalts being derived from separate source regions. Most alkaline basalts have high-µ (HIMU) related trace element signatures, which are absent in the tholeiitic rocks. A basalt plug on the trough margin at Loira gave a Jurassic age and has Jura%ic dolerite-like geochemistry. The Tamar sequence suggests that the initial fl uvio-lacustrine and later channel-fi ll sedimentation from 65(?) to 24(?) Ma was then punctuated in places by periods of alkaline volcanism between 47 to 33(?) Ma, and alkaline and tholeiitic volcanism between 33 to 24(?) Ma. No Neogene fossils are known, so this later period was probably one of net erosion. These contrasting quiet sedimentary and more volcanic intervals are related here to a tectonic model that involves northerly drift of Victorian and Tasmanian lithosphere over several former Tasman metasomatised mantle plume sources.
INTRODUCTION
Half grab ens and grab ens form the Tamar Trough, an in-filled structure developed by latest Cretaceous to earliest Cenozoic rifting (Forsyth 1989 ) that was linked to faulting that formed the Bass Basin (Morrison & Davidson 1989) . This 70-km long, NNW trending fault structure is an offshoot of the Longford sub-basin fault structure (Matthews 1989 , Direen & Leaman 1997 . Basalt flows are exposed or encountered in cores drilled within the Trough sequence and these have diverted old river courses, particularly in the south where the South Esk was finally deflected west to enter the Tamar River at Launceston (Carey 1946 , Sutherland 1971 . The basalt samples were studied in petrographic detail and some contain man de and/ or lower crustal xenoliths and xenocrysts (Sutherland 1969 , 1971 , Everard 1990 al. 2004 , and this paper).
Apart from the relationships of the basalt flows to the sedimentary beds, which have some palynological control, the lack of precise radiometric dating on the basalt flows has hampered integration of the sedimentary deposition, volcanism and geomorphic evolution within the trough. An improved understanding of the trough geology has importance, as the interfaces of soft sedimentary beds and resistant basalt flows promote slope movements and hence create problems within housing and construction developments (Turner 1975 , Mazengarb 2004 .
Extensive palaeobotanical studies exist on Cenozoic sedimentary sequences, including papers of international significance (Hill 1987) . Most of the palaeostratigraphic dates, however, are based on biostratigraphy from offshore cores in Bass Strait, from sites over 100 km away and from very different depositional environments. The present work aims for more direct dating of the local Tamar biostratigraphy.
This paper documents new radiometric dating and petrological data on the basalts along the length of the Tamar Trough. Seven basalts were dated by K-Ar methods, with follow up Ar-Ar dating on three basalts. New analyses of the basalts are presented, as the earlier published petrology lacked trace element data and some further basalt sites were located by later mapping and drilling within the Tamar Trough. This present study is used to correlate the eruptive basaltic episodes with the known palynological zones within the Tamar sediments and thus refine the stratigraphy. The integrated dating will help to establish the drainage evolution that produced the present Tamar River system. Finally, the updated Tamar Trough evolution will be evaluated within the known overall tectonic setting of Tasmania and its Cenozoic volcanism.
GEOLOGICAL SETTING
The geology of the general area ( fig. I ) lies within the Northeast Tasmania 1 :250 000 Geological Sheet (McClenaghan et al. 2005) , which utilises earlier mapping. The study area from north to south is covered by the 1 :63 360 Geological Maps FL. Sutherland, 1. T Graham, S.M. Forsyth, H. Zwingmann and j.L. Everard Leaman et al. 1973) and the Trough location in Tasmania. 1he 
bottom left inset shows the main drainages, towns and roads (dashed lines) in the study area, including the South Tamar (ST), Upper Tamar (UT), Middle Tamar (MT) and Lower Tamar (LT) areas. Other cited sites include Cocked Hat Hill
(ch), 7{; disker (ta), Prospect Vale (pv), St Leonards (s1), Distillery Creek (de) , Legana (1) , Grindelwald (g), Bradys Lookout (b) , Permo-Triassic sedimentary beds dominate the geological framework of the Tamar Trough, with older Palaeozoic basement rocks only exposed beyond the flanks of the structure. Cenozoic sedimentary beds and interbedded basalts occupy the main part of the Trough, along with a range of bauxitic and ferricrete deposits which developed on some horizons. The exposures are partly blanketed by alluvium, talus, landslip and soil deposits related to the more recent erosive process along the Tamar drainage system. Minor wind blown siliceous sands extend in from the Tamar mouth as far as Bell Bay and also occur south of Launceston.
Trough Structure
The Tamar Trough represents part of the faulting and uplift that led to significant erosion of parts of the Tasmanian highlands during its Late Cretaceous/Early Cenozoic history (Gleadow 1996 , O'Sullivan et al. 2000 . It links into the structural evolution of the Bass Basin (Cummings et al. 2001) , along the Moyston-Tamar Fault Zone, a northwesttrending, broad basement fracture system (Blevin 2003) . The tensional rifting that developed along the Tamar Trough lies east of the Mid-Devonian boundary between the East and West Tasmanian terranes (Reed etal. 2002) . This boundary was thought to be a transcurrent fault concealed beneath the Tamar Trough (Williams 1979) , but more recent ideas suggest that it marks a series of east dipping thrusts coming to the surface between Beaconsfield and Port Sorell (Elliot et al. 1993 , Leamanetal.1994 , Reedetal. 2002 . The structure lies between a down-warp of the mantle (Moho) under the West Tasmania terrane (Rawlinson et al. 2001 ) and a change in basement lithosphere under the East Tasmanian terrane (Kennett et al. 2004 ), but has no direct expression in the underlying lithosphere imaged by Rawlinson & Kennett (2006) . The Moho lies between 29 km and 32 km below the Tamar Trough and shallows towards Bass Strait (Clitheroe et al. 2000) . The Tamar region presently shows moderately high surface heat flow (85-95 m Wm-2 ; O'Sullivan & Kohn 1997 , O'Neill etal. 2003 and is underpinned by a moderately slow upper mantle shear-wave (thermal) structure (Kennett 2003 , Kennett etal. 2004 . The lithosphere here lies on the outskirts of a dormant mantle plume in the asthenosphere under Bass Basin, which acted as a trigger for hotspot volcanism along eastern Australia (Sutherland 2003) and is imaged down to ~ 650 km depth (Montelli et al. 2004 ). The crust here, however, is presently under compression with a mean horizontal stress maximum along a WNW-ESE direction (Clark & Leonard 2003) .
Palynology Zones
The sedimentary beds within the Tamar Trough date back through several assigned palynological zones, with macroplant fossils only playing a minor role in correlations (Jordan & Hill 2002) . In a general way, the sedimentary units at and below the present Tamar River level become older upstream towards Launceston and younger downstream. Palaeocene beds are found at 60 m above sea level (ASL) at Launceston, although topographic distribution may be affected by growth faulting. The oldest palynoflora in drill cores can be assigned to the Forcipites longus Zone (Late Cretaceous into Palaeocene). South ofLaunceston, Palaeocene and Early Eocene deposits underlie what may be an erosion surface at the base of the Lower or Middle Nothofogidites asperus Zone with Eocene micro-flora (Stover & Partridge 1973 , Bigwood etal. 1988 . Above Rose Rivulet, basalt flows and conglomerates with basalt clasts occur here within or above the current Lower N asperus Zone (Middle Eocene to Early Oligocene). Palaeocene palynoflora found in the eastern Tamar estuary opposite Legana belong to the Lygistepollenites balmei Zone. In cliffs on the western side at Legana, however, the listed palynoflora can be assigned to the Early Eocene Middle or Upper Malvacipollis diversus Zone (Bigwood etal. 1988) . The ages adopted for the palynology zones are those proposed for the offshore Gippsland Basin by A.D. Partridge, which were presented by MacPhail (1999) .
The N asperus Zone palynofloras occur north of Legana within the older Early Eocene sedimentary sequence above Windermere and may represent younger channel deposits (Wells 1988) , although stratigraphic inversion of palynofloras and potential block slides produce uncertainties in interpretations here. Further north, in the Long ReachEast Arm area, the oldest sedimentary beds found at river level belong to an undifferentiated Upper M. diversus Zone to Proteacidites asperopolus Zone interval (Early to Middle Eocene) and include interbedded basalt. Closer to the Tamar mouth, near Bell Bay, the palynofloras under basalt flows lie below sea level (BSL) and belong to Lower-Middle Proteacidites tuberculatus Zone (Oligocene), which occurs within a superimposed channel cut in pre-N asperus Zone beds. Although the Jurassic dolerite basement is deepest here (250 m BSL), the Palaeocene sedimentary interval is either absent or very much reduced in thickness.
The palynology zones used in this study are correlated within a regional geochronology linking the Gippsland Basin sequence to Age (Ma BP), Sea Level Curves, Australian and International Biozonations (spores & pollens, dinocysts & acritarchs, benthic foraminifera, planktonic foraminifera, nanoplankton), Magnetic Polarity and the Geological Time Scale (Glenn et al. 1999) . Care is needed to translate the Lower Notofogidites asperus zone as used by Stover & Partridge (1973) into later current usage (Bigwood et al. 1988; MacPhail 1999) , where the original L. N asperusZone has been divided into new Lower and Middle zones.
BASALT SETTINGS
The basalt flows and intervening sedimentary beds appear in four principal areas ( fig. 1) , with each area including centres of volcanism from which flows extended for distances of5-1 0 km. Only some feeders are known for the lavas that erupted within the Trough. One basalt plug was mapped outside the Trough at Supply Creek (Gulline 1973) and was sampled in this study as a potential lava source ("Tamerton" plug). Total magnetic intensity images derived from aeromagnetic surveys (with 200 m line spacings) indicate that although some basalt flows have normal polarity, many are reversely polarised, particularly in the Middle, Upper and South Tamar sections (pI. 1).
Basalt sampled in new exposures and drill cores since the earlier studies, including that intended for age-dating and chemical analysis, was thin-sectioned for detailed microscopic examination (pI. 2) and description (appendix A). Adjacent basalt flows in the Longford Basin (Matthews 1983) were also analysed for comparison with the Tamar Trough basalt flows (appendix B). 
South Tamar Area
South of Launceston, a massive alkali basalt flow up to 40 m thick with reverse magnetic polarity extends south from a plug rising to 221 m ASL at Cocked Hat Hill, Bredalbane. It continues under Launceston airport southward down to 150 m ASL where it diverted the South Esk River course. The plug intrudes strata belonging to the N asperus Zone and the associated flow overlies lignites with a Lower N asperus Zone micro-flora. It is unclear on present exposures whether the flow base rests on an erosional interval.
The Cocked Hat Hill plug (EQ 16105033, 180 m ASL) was selected as the most significant basalt in the area for K-Ar and Ar-Ar dating. Several smaller Bow and plug remnants of diverse petrology occur northeast of the main Bow (Sutherland 1969 and this paper) . These include basanites and alkali basalts that erupted from vents around the Talisker-Corra Linn area which infill drainages cut into Early Eocene beds. Basanite resembling that at Talisker forms Bow remnants to the northeast and as far south as the South Esk Bridge at Perth (EP 151963, 140 m ASL) and as far west as Newry in drill cuttings (EP 10259735, 140 m ASL), 11 km from Talisker. Some olivine nephelinite and glassy basanite remnants lie respectively near Dunedin Farm and Distillery Creek east of St Leonards, whereas olivine tholeiite remnants at 215 m ASL at Abels Hill near St Leonards overlie quartz gravel beds that rest on Middle-Late Eocene siltstones (Sutherland 1969) . Olivine basalt transitional between alkali and tholeiitic types (pI. 2) overlies clayey sandstone and silty claystone beds at 180 m ASL in a small valley-fill exposed in the new Bass Highway near Prospect Vale (EQ 104066). Most of these basalts have very fine grained or glassy groundmasses and are not suitable for dating.
Upper Tamar Area
North of Launceston, massive alkali basalt flows form prominent remnants above Rosevears on the West Tamar and extend from the western shores to 200 m ASL above Bradys Lookout and onto Gr'indelwald plateau above the Loch Lea-Strathlyn area, where water bores indicate a 100 m thick capping flow. Similar, lesser flow remnants on the opposite eastern shore rise above Windermere to cap Gaunts Hill at 160 111 ASL The number of flows is uncertain as the basalts all show reverse magnetic polarity (pI. 1), but two distinct basalt types were recognised in western exposures, coarse alkali basalt-hawaiite (pI. 2B) and fine grained basanite (pI. 3C m ASL exposed a vertical contact of nne grained basanite with vertical cooling columns abutting slightly weathered coarse alkali basalt (EQ500700 5423200). Underlying strata here lack palynological assignment, but Early Eocene beds are known to the south and east at Legana and Gaunts Hill. The Gaunts Hill basalt may occupy a channel cut into the older sedimentary beds as an explanation for the N asperus Zone deposits found above Windermere. To resolve the age of the Rosevears basalts and the underlying strata, and to assist correlations with the Windermere-Gaunts Hill section, coarse and nne grained basalts in the Loch Lea-GrYndelwald section were selected for K-Ar and Ar-Ar dating.
Middle Tamar Area
Basalt crops out between Deviot and Rowella on the western Tamar shore and from Craigburn to East Arm on the eastern shore. The exposures extend from river level up to 180 mASL on Murphys Hill, east of Craigburn and include hawaiite, basanite, olivine nephelinite and a transitional olivine basalt plug (Sutherland 1969) . A western massive hawaiite flow descends below river level and was drilled at Rowella (DDH 1 and 2), where it lies within strata of Upper M. diversus Zone or P asperopolus Zone age. The basalt top showed some vesicularity, with no obvious baking of the overlying mudstone (DDHl), suggesting it forms a chilled flow top (pI. 2D) of a coarse flow (pI. 2E), rather than representing an intrusion. This makes it the oldest basalt recorded in the Tamar Trough, marking the drill core (DQ 930413) as a prime target for K-Ar and Ar-Ar dating.
Ihe eastern flows occupy channels cut into similar aged beds to those dated at Rowella. 'Ihe massive hawaiite that caps Murphys Hill through to East Arm, however, is normally magnetised, unlike the underlying Spring Bay olivine nephelinite and the RowelJa hawaiite, which show reverse polarity (pI. 1). The Murphys Hill hawaiite also abuts a dolerite-clast conglomerate that con tains rare basalt clasts, so the evidence clearly suggests different episodes of hawaiite extrusion. Dolerite-clast conglomerates form extensive lenses within the sedimentary beds east of the basalts from East Arm to Hillwood, which may indicate a re-routing of palaeodrainage. The upper hawaiite exposed in the Batman Highway road cuts was sampled for K-Ar dating (DQ 965392, 100 m ASL) not only to check the separate hawaiite ages, but also to provide some age control on dolerite-clast conglomerate deposition.
A small 'basaltic' plug (pI. 2F) mapped near "Tamerton" above Supply River (DQ 920302, 80 m ASL) was sampled for K-Ar dating in case it formed a potential eruptive site for flows to enter the Tamar Valley through an erosional low south of Loira.
Lower Tamar Area
Low-lying basalt flow remnants extend along the Tamar shores from south of Bell Bay on the east and from south of Beauty Point on the west to outlet at Tamar Heads between Low Head and West Head. The flows include a lower hawaiite with a base that descends from> 46 m ASL to > 18 m BSL. The base was intersected in Bell Bay drill cores where it overlies unweathered sedimentary beds related to the Lower-Middle P tuberculatus Zone (Oligocene). The flow was also drilled south of George Town (Tamar Avenue DDH) where 20 m of basalt was intersected overlying sedimentary beds at ~ 5 m ASL (DQ 4850005447000). A sample of this core retained in the Tasmanian Museum collection was selected for K-Ar dating to test the palynological correlation.
An upper transitional olivine basalt descends from a base at> 30 m at Bell Bay to ~ 15 m ASL at Beauty Point. It overlies interbasaltic strata and possibly continues through Kelso, west of the lower basalt, as similar olivine basalt was intersected in Kelso Drill Hole DDH 2 (DQ 481400 5449100) between 4.4 to 7.3 m depth where it overlies 7 m of carbonaceous clay and siltstones and deeper flows (Everard 1990 ). The Kelso drill holes penetrated the deeper flows between 21 to 60 m depth (DDH 1) and 14 to 33 m depth (DDH 2) where they show a distinct glassy nature (Everard 1990 ). These basaltic flows are interbedded with thin tuffs, tuffaceous sediments and non-volcanic beds and indicate multiple explosive eruptions. The basal beds (23 m thick in DDH 1,9 m thick in DDH 2) contain decomposed dolerite fragments before solid dolerite is reached at 85 m (DDH 1) and 41 m (DDH 2) depth. Although the basalt samples were unsuitable for radiometric dating, the rare carbonaceous sediments provide some palynological control for these sections.
Samples from DDH 1 (DQ 819489) from horizons (54.8 m depth) between the deeper flows and from DDH 2 (12.5 m depth) from horizons between the highest and deeper flows contain spore assemblages no older than the Lower P tuberculatus Zone. 1be lack of species that first appear in the base of the Middle P tuberculatus Zone in the Gippsland Basin sequence suggests an Oligocene age for the Kelso sections, in keeping with the Lower-Middle I! tuberculatus Zone age for the Bell Bay basalt section.
ANALYTICAL METHODS

K-Ar Analysis
The K-Ar isotopic age determinations were made at CSIRO Petroleum, Bentley, Western Australia (table 1). Samples were split and crushed in a ring grinder with chrome steel barrel into a <500 rm fraction. The K content was determined by atomic absorption spectrophotometry (Varian AA20) using Cs at a concentration of 1000 ppm for ionisation suppression. Sample aliquots were dissolved with hydrofluoric and nitric acid (Heinrichs & Herrmann 1990 ) and solutions were diluted for the atomic absorption analysis. Ar isotopic determination followed Bonhomme et al. (1975) with the samples pre-heated to minimise atmosphericAr adsorbed onto the mineral surfaces. Argon was extracted from the mineral fraction by fusing the sample with a vacuum line serviced by an on-line 38Ar spike pipette. The isotopic composition of the spiked Ar was then measured using an on-line VG3600 mass spectrometer. The 38Ar spike was calibrated against the standard biotite GA1550 (McDougall & Roksandic 1974) . After fusion of the sample in a resistance furnace, the released gases were purified using a Cu 2 0 getter and then two Ti getters.
Blanks for the extraction line and mass spectrometer were systematically determined and the mass discrimination factor was determined periodically by airshots. During analysis, international standards provided calibration. The error for the Ar analysis is below 1 %. The K-Ar calculation used constants after Steiger & Jager (1977) . The age uncertainty includes the errors during sample weighting, 38Arl 36 Ar and 4°Ar/38Ar measurements and K analysis.
4°Ar-39Ar analysis
This follows typical 40 Ar_39 Ar dating proced ures (McDougall & Harrison 1999) . A concentrate of separated feldspar was cleaned and wrapped in aluminium foil along with biotite standard HD-B1 (24.21 ± 0.32 Ma; Hess & Lippolt 1994) to monitor the neutron flux gradient. The package was irradiated in the McMaster University Nuclear Reactor, Hamilton, Canada.
For infra-red laser step-heating, the mineral separate was baked to remove adsorbed atmospheric argon. A 110 W Spectrum Laser system continuous wave Nd-Y-Al-garnet (0'= 1 064 nm) laser was used to treat the sample. After removing active gases the remaining noble gases were equilibrated into a Mass Analyser Product 215-50 static mass spectrometer (MS) with a multiplier detector. The Ar sensitivity of the MS multiplier detector was 2.71 x 10-10 cm 3 /Volt. A Lab View program was used to measure isotope peak masses from 35-41 (10 times) in sequence lasting ~ 15 minutes, via a peak hopping routine. Blank analyses were run before and after.
Age calculation (table 2) involved extrapolating peak intensities back to the inlet time and correcting for extraction line blanks, MS backgrounds, MS discrimination (4°Ar/36Ar ratio of 281.0) and reactor interference. The Ca and K correlation factors in the data reduction were 39 Ar/37 ArCa = 0.00065, 36Ar/37Ar ca = 0.000255 and 4°Ar/36Ar K = 0.0015. Errors quoted are 1 0' andAr-Ar ages ( fig. 2 ) were calculated using decay constants of Steiger & Jager (1977) . Weighted mean ages were calculated (20' errors) using the Ludwig (2001) Isoplot program.
Whole rock chemistry
The basalt nomenclatute used here follows that for Australian basalts defined by Johnson (1989) ; while the alternative recommended International Union of Geological Science nomenclature (Le Maitre 1989) is covered by using the petrological fields in figure 3 . The basalts are dominantly slightly evolved alkali basalts and hawaiites, with subordinate olivine nephelinites, basanites, transitional olivine basalts, olivine tholeiites and quartz tholeiites.
Major and minor elements of basalt samples, listed in table   3 and for Kelso tholeiite in table 5, were made on fresh samples crushed in a steel jaw crusher and determined by X-ray fluorescence (XRF) methods on glass discs prepared by standard techniques at Mineral Resources Tasmania (MRT) Laboratories, Hobart. FeO was determined by titration and CIPW norms were calculated for the basalts using a Fe 2 0/ FeO ratio of 0.2 as recommended by Johnson (1989) . The CO 2 was determined by gravimetric methods, while H 2 0 (+) was calculated from loss-on-ignition (LOI) after adjusting for FeO, CO 2 and S03. The trace element values come from XRF analyses using conventional methods and rock standards on pressed pellets. The other major, minor and trace elements for basalts in table 4 and the "Tamerton" tholeiite in table 5 were analysed at the XRF and XRD Facility, University of Pretoria, South Mrica. Samples were ground in a tungsten carbide mill, roasted at 1000 D C to determine LOI, then fused with lithium borate into glass beads which were analysed by XRF using an ARL 9400 X 1 (+) spectrometer set up. Another aliquot of sample was pressed into a powder briquette for selected trace element analyses. Precisions for XRF major element oxides (table 4) were Si0 2 less than 0.3%, Ti0 2 < 5%, Al 2 0 3 < 1 %, Fe 2 0 3 < 3%, MnO <17%, MgO < 7%, CaO < 12%, Na 2 0 <2%, K 2 0 < 1%, P 2 0 S < 4% and LOI 3% and for XRF trace elements were Ni d %, Cr <4%, Co d6%, Sc d %, V <7%, Y dl%, Rb < 1%, Sr <2%, Ba d%, Zr <8%, Nb d5%, La d5%, Ce d%, Pb <2%, Ga dO%, Th d2%, Mrica. Dissolution of samples used a standard acid digestion procedure before analysis on a Perkin Elmer Sciex Elan 6000 ICP-MS. The instrument operating conditions were optimised to minimise the formation of doubly charged ions and oxides. Interference corrections were made for isobaric interferences and doubly charged ion and oxide interferences (particularly on REE). Both within-run and duplicate analysis precisions were mostly between 2% relative and always < than 3% relative (1 sigma).
RESULTS
Geochronology
The K-Ar dates (table 1) provide a wide range of ages. Some are minimum results due to some late-stage glass or alteration in those rocks. However, the dates clearly establish several well-separated basaltic events within the Tamar Trough. The youngest dated basalt is represented by the Late Oligocene age for the Lower Tamar hawaiite at GeorgeTown (24.7 Ma). It underpins the Bell Bay-Beauty Point basalt sequence and is The follow up Ar-Ar dating on selected basalts (table 2) refines the K-Ar dating. This method was attempted on the Rowella hawaiite (K-Ar 46.7 Ma ± 1.0 Ma). The sample, however, only yielded very small amounts of gas, possibly due to contamination. Only five heating steps were possible on each separate split of the sample, which was insufficient to define satisfactory spectra. The best total gas age was 40.06 ± 1.60 Ma and is best considered a minimum age. The 4°Ar/36Ar intercept in this sample is 165 ± 21, which suggests little or no excess Ar is involved. Thus, available data suggests the Rowella hawaiite is >40 Ma and that a more reliable date is the K-Ar age of 46.7 ± 1.0 Ma, which is compatible with the palynological age.
The coarse-grained Gdndelwald plateau hawaiite gave an Ar-Ar Total gas age of 36.7 ± 3.4 Ma and a plateau age of 37.0 ± 0.2 (459, fig. 2 ). Thus, the underlying sediments here are firmly N asperus and older age zones. The age allows for alteration and/or erosion of the GrYndelwald hawaiite prior to contact with Loch Lea basanite as observed at Rosevears Estate. This relationship brackets the Loch Lea basanite to an age between 33.7 ± 0.7 Ma (K-Ar) and 37.0 ± 0.2 Ma (Ar-Ar). It also gives the Tamar drainage a reasonable period to down-cut and re-establish its course through the massive basalts that filled the Early Oligocene channel there. The Cocked Hat Hill hawaiite gave a total gas age of 34.6 ± 4.6 Ma and a plateau Ar-Ar age of 36.9 ± 0.5 Ma (414, fig. 4 ). The 40Ar/36Ar intercept is 283 ± 8, which suggests no excess Ar is present, as it is close to the 4°Arl36Ar air ratios of 295.5. The Ar-Ar age matches the underlying Lower N asperus Zone age and precludes any significant erosion between sediment deposition and hawaiite extrusion. It places the significant westward diversion of the South Esk through Cataract Gorge to the Launceston area to no older than Late Eocene time.
Basalt Geochemistry
The further basalt analyses (tables 3-5) confirm and expand the previously demonstrated petrological range and include olivine nephelinites and basanites (ne > 5%), alkali basalts, hawaiites and transitional olivine basalts (ne < 5%, hy < 10%) and olivine tholeiites (hy > 1 0%) and quartz tholeiites (hy + (A. Spath, analyst) . Chondrite normalising values are taken from Boynton (1984) and Primiti1Je Mantle values are after Sun & McDonough (1989 The expanded range of Tamar basalt geochemistry (Sutherland 1969 and this paper) mostly includes near primary to mildly evolved magmas (tables 4,6,8), but some of the more voluminous flows (Craigburn-East Arm, parts of Grindelwald plateau, Cocked Hat Hill-South Esk) represent more fractionated magmas, further depleted in compatible elements and enriched in incompatible elements (see table 4 for comparison). Limited post-eruptive differentiation occurs in some basalts, where pegmatoidal developments formed during prolonged cooling and volatile build-up; these later stage phases show increased depletions in compatible elements (Ni, Cr < 100 ppm) and greater enrichments in Zr, Rb, Y (table 7) .
Key incompatible element ratios show distinct differences across the basalt types (tables 3 & 8). 1he alkaline basalts, relative to the subalkaline basalts, have lower Zr/Nb (3-6 cf7~11) and higher BalLa (8-35 cf4-5), Lal Y (1-2 cf 1) and Ce/Y (2-5 cf 1-2) ratios. These differences relate to different degrees of partial mantle melting within the mantle sources that increasingly depleted various mineral phases. Irregular variations in some values, however, such as Ba contents and BalLa and Ba/Nb ratios suggest some specific phase differences also exist within the sources. 1he Cocked Hat Hill hawaiite flow has the lowest ZrlNb (3.3) and highest La/Nb (0.9) and Rb/Nb (0.9) ratios even when compared to its more evolved plug composition (ZrlNb 3.9, La/Nb 0.6, Rb/Nb 0.5). Thus, some key element ratios changed perceptibly during fractionation even within a flow episode.
DISCUSSION
Correlations of the basalt dating and known palynological biozonation within the associated Tamar sequences are given in table 9. This forms a new, more rigorous framework for the sedimentological, erosive and eruptive history within the Tamar Trough since its inception.
Basalt Geochronology
The K-Ar andAr-Ar dating identifies several separate volcanic episodes in the evolution of the Tamar Trough; these include three prominent volcanic intervals that extend from Middle Eocene (47-46 Ma) through Late Eocene (37-32 Ma) to Late Oligocene (25-24 Ma) time. Differences between K-Ar and Ar-Ar results on the same basalt can range up to 8 million years (Rowell a and Cocked Hat Hill hawaiites), giving some limits for uncertainties in the dating. Discrepancies between the two dating techniques may be due to Ar loss from late-stage alteration (Cocked Hat Hill, 29 K-Ar cf37 Ar-Ar Ma), and lor from contaminated degassing (Rowella, 40 Ar-Ar cf47 K-Ar Ma). In such cases it was important to evaluate excess argon effects in the K-Ar datingmateriaiin the K-Ar ages, and this was done by inspection of Ar-Ar data. Even with dating discrepancies, likely basalt ages can be constrained through the associated palynological biozone ages, to indicate the more reliable date. Thus, the congruence of palynological age (Middle N asperus) and Ar-Ar basalt age (37 Ma) at Cocked Hat Hill and also the matching palynological age (Upper M diversus or P asperopolus Zone) and K-Ar basalt age (47 Ma) at Rowella help confirm these radiometric dates.
The oldest Tamar basalt in the Middle Tamar channel through Rowella at 47 Ma ranks among the older Tasmanian eruptives, although this age is exceeded only by basalts on the eastern Tasman margin (Cape Portland, Bream Creek) and on King Island (59-70 Ma; Baillie 1987 , Sutherland et al. 2002 , Everard et al. 2004a , F.L. Sutherland and H. Zwingmann, unpublished data). The Rowella episode correlates with and extends the alkali basaltic activity known around Weldborough, NE Tasmania (46-47 Ma; Sutherland & Wellman 1986) .
The most voluminous basaltic infillings were produced by the Late Eocene eruptives (37-33 Ma) in the Middle and South Tamar areas. Two major flows (Rosevears, Bredalbane) have Ar-Ar ages within experimental error (37 Ma), and with a further voluminous flow at East Arm and other flows in the Middle to South Tamar region (> 32-37 Ma), mark a peak in volcanism within the 1amar Trough. These massive outpourings caused considerable dislocations to Tamar courses including westward diversion of the South Esk from ancestral Tamar drainage. Basalts in the 33-38 Ma bracket also prevail elsewhere in Tasmania (Blessington, Thirlstane, Lillicos Beach, Melton Mowbray, Central plateau; Cromer 1980 , Sutherland & Wellman 1986 , Everard eta!' 2004b . Indeed they may include extensive basalts through NW Tasmania, east of Waratah where interbedded sediments include the Upper N asperus and Lower P tuberculatus biozones (Brown & Forsyth 1984 (Sutherland & Wellman 1986 , Sutherland et al. 2002 , 2004 , Everard et al. 2004b . Tholeiitic basalts are prominent and the Tamar Trough appears no exception, particularly if the olivine tholeiite in the South Tamar also fits here. So far, no later volcanism is known in the Tamar Trough to match the last phase of alkaline activity in northern Tasmania (9-20 Ma; McClenaghan et al. 1982 , Baillie 1986 , Sutherland et al. 1996 ,2002 , Everard et al. 2004b ).
Palynology Zones
Many Tasmanian palaeobotanical sites have been studied, but only a few of the inland sites have radiometric basalt dates directly or indirectly associated with them (Wilmot Dam, Monpeelyata, Lemonthyme). Some of the most important sites lack such dates (Little Rapid River, Lea River), but are associated with basalts Gordan & Hill 2002) . The Tamar basalt dates provide new control points for palynology zones identified in accompanying sediments. Thus, the 37 MaArAr age at Cocked Hat Hill provides constraints for the rop of the Lower N asperus zone which underlies this basalt, and only allows a limited erosive interval here before the Middle N asperus zone (Glenn et al. 1999) . Similarly, the 47 Ma K-Ar age at Rowella provides a peg within undifferentiated P. asperopolus-M. diversus Zone age sediments and suggests they belong to the P. asperopolus Zone on the Glenn et al. The correlation of the palynology zones and absolute time scale is dependent on the time scale chosen for the correlations. l11Us earlier correlations of basalts and palynology zones in Tasmania (Seymour 1989) , differ from those given in this study, which are based on the Glenn et al. (1999) correlations. Uncertainties in previous Tasmanian palynological time correlations, which lacked direct dating, due to use of zones from outside Tasmania and to interpolations in the geomagnetic time scale, were discussed in Seymour (1989 
Basalt petrogenesis
The Tamar basalts represent a range of alkaline to subalkaline magma compositions ( fig. 3 ), but they lack the more undersaturated melilite-bearing types and the more evolved alkaline types found elsewhere in Tasmania (Sutherland et at. 2004 , Zhang et at. 2006 . The primary magma types identified in the Tasmanian basalt spectrum have been linked to different degrees of partial melting of mantle sources, initially estimated by portioning K 2 0 and P 205 from the source into the melt (Frey et al. 1978 , McClenaghan et al. 1982 , Everard in Seymour 1989 . The Tamar petrological range (olivine nephelini te to quartz tho leii te) wo uld represent a range from 7 to 35% in degrees of partial mantle melting using that method. Uncertainties in precise elemental enrichments and melting processes within mantle sources, however, make such estimates very approximate. Thus, trace element inversion modelling on basalts with similar major element compositions to Tasmanian basalts can provide different sets of partial mantle melting degrees. Examples 
Trace element arrays
Trace element patterns, normalised to primitive mantle or chondrite values, show variations between the basalt types (figs 4, 5). Basanites and some alkali basalts and hawaiites show relatively subdued Rb, Ba, La, Ce and Sr in their profiles, bur several have marked enrichments in Nb and relatively minor depletions in K, Ti and Y ( fig. 4A-C) . Among hynormative alkali and transitional olivine basalts ( fig. 4C ), a Kelso olivine basalt is noticeably depleted in Ba, La, Ce and Sr; such depletions approach those shown by the Kelso quartz tholeiites ( fig. 4D ) and suggest a transitional tholeiitic affinity. The Kelso quartz tholeiites lack the positive Nb and negative K anomalies found in the more alkaline basalt patterns and show depletions in Rb and Sr; the patterns are quite distinct from the Tamerton quartz tholeiite pattern, which shows a classic Jurassic chilled dolerite pattern (Hergt et al. 1989) , with strong depletions in Nb, Sr and Ti and significantly higher Rb, Ba, Th and K (figs 4C, 5).
More extended, primitive mantle-normalised, multielement arrays are available for two prominent Tamar alkali basalts, the Rowella and Cocked Hat Hill basalts (fig. 5 ). Both show similar normalised REE arrays, that regularly decrease from LREE through MREE to HREE, and suggest magmas derived from a LREE-enriched source ( fig. 5A ). The extended primitive mande-normalised patterns are marked by moderate depletions in Rb, K and Hf and enrichments in Cs, Nb, and Zr ( fig. 5B, C) . The fractionated Cocked Hat Hill hawaiite lacks any Eu anomaly, while noticeable depletions in Ni, Cr and Sc (table 4) suggest both olivine and clinopyroxene were the main fractionating phases in evolving the hawaiites. The alkali basalt patterns contrast markedly to the Tamerton Jurassic pattern, which shows lower LREE and MREE, but higher HREE, and deficiencies in Nb, Sr, Ti; a minor Eu depletion suggests marked plagioclase crystallisation in its evolution ( fig. 5) , a feature not seen in Tasmanian Cenozoic basalts.
Trace element ratios
Most of the Tamar basalts show key trace element ratios that fall within the mantle array (Fitton et aL 1997) and within the range for HIMU (high p.) -related Oceanic Island Basalt (OIB) suites (table 8, fig. 6 ). The HIMU-like signatures (Weaver 1991) occur among Tasmanian basalts and also in the Tasmanian seamounts off eastern Tasmania (Lanyon et al. 1993 , Lanyon 1994 , Crawford et aL, 1997 . These basalts represent a mantle source enriched in Ta and Nb, relative to LREE, giving low ZrlNb ratios (av. 3.85 ± 1.1) compared to other OIB sources. Part of this low ZrlNb signature, however, may relate to the degree of partial melting in the mantle sources, as ZrlNb increases with degree of saturation of the basaltic magmas (see table 8 Table Cape (table 8) . The origin of this HIMU imprint in southern Australasia and Antarctic basalts is uncertain, but may relate to mantle events around 80-100 Ma; it possibly stems from a large plume head or a series of small plumes developed with late Gondwanan break-up (see Lanyon et al. 1993 , Lanyon 1994 , Sutherland 1994 , Crawford et al. 1997 . The HIMU character in some basalts within Tasmania and in the Tasmanian seamounts (p. 19-20.3; Ewart et al. 1988 , Lanyon et al. 1993 , Lanyon 1994 , Crawford et al. 1997 , Sutherland 2003 , Zhang et al. 2006 ) becomes more pronounced in many Antarctic basalts (p. > 20.5; Rochell etal. 1995 , Panter etal. 2000 . This has prompted suggestions that the HIMU-imprint may reflect variable subduction-related metasomatism of the underlying subcontinental lithospheric mantle (SCLM) during the Late Mesozoic (Finn et al. 2005) .
HIMU signatures do not normally extend to tholeiitic lavas, and the Tamar tholeiites have distinctly different trace element ratios to the Tamar alkaline suites (fig. 8) . The Kelso quartz tholeiites have ZrlNb ratios (10.9) that lie at the high end for Tasmanian Cenozoic tholeiites (Zhang et aL 2006) , but with their Ti/V ratios (63-67) remain quite distinct from the Tamarton tholeiite (ZrlNb 14.7, TiN 16) and typical Tasmanian Jurassic dolerites (Hergt et aL 1989) .
Mantle Sources
The Tamar alkaline parental magmas mark several melting episodes derived from a garnet peridotite source based on its range of normalised trace element ratios (La/Nb N 0.55-0.67; CeN N 5.52-12.0). This Tasmanian mantle source includes a HIMU imprint introduced before 47 Ma (Rowellahawaiite). More details of the peridotite source, its variations, and depths of magma generation for the HIMU-related Tamar basalts come from the more extended trace element data for the Rowella and Cocked Hat Hill basalts. The somewhat low La/Yb N of these basalts (9.5-10.4), within the primary alkaline range in Tasmania (8-42; Sutherland et al. 2004 , Zhang et al. 2006 , suggests between 10 to 20% degrees of partial mantle melting generated these voluminous Tamar magmas. Plots of Ce/Yb N (7.7, 9.6) against Yb N (9.24; 8.71) for the two rocks suggest large clinopyroxene (cpx) to garnet (gnt) ratios were left in the residual source, between 14.0-14.5 cpx and 1-0.5 gnt based on such modelling by Jung & Marsberg (1998) . Depths of magma segregations can be estimated using Cel
Yb and Sm/Yb plots (Ellam 1992) . In the Tamar hawaiites, Ce/Yb (27.7,34.5) and SmlYb Birch (2003 ), Sutherland et al. (2004 ), Everard et al. (2004a The Tamar olivine nephelinites are moderately depleted in Rb (20 ppm) and Ba (371 ppm) compared with some Tasmanian nephelinites . In this respect, they approach the Scottsdale nephelinite which is low in these elements relative to the standard HIMU component, possibly reflecting residual phlogopite in the source (see Sutherland et at. 2004) . Whatever the precise origins of the HIMU-and garnet-bearing sources for the Tamar alkaline basalts, the Tamar tholeiites also reflect variations in source inputs. Tasmanian olivine tholeiites include co-existing types that differ in trace element and Pb isotope signatures, even at similar Mg-values and compatible element contents (Sutherland 2003 , Sutherland et at. 2004 . 
Interpretive Model for Tamar Trough Evolution
The new framework established for the Tamar Trough sequences, through combined palynological and basalt dating ( fig. 7) , allows further interpretations of its tectonic-thermal evolution. Initiated after Mid-Cretaceous to Early Palaeocene thermal uplift and rifting along the Bassian Tasman margin (Gleadow 1996 , O'Sullivan et al. 2000 , Cummins 2001 , the Trough became a locus for sedimentation associated with the ancestral Tamar drainage. Volcanism did not begin until about 47 Ma during the P. asperopolus Zone sedimentation, some 15-20 million years after rifting. Thus, the reasons behind the timing of volcanism need explaining beyond the Tamar faulting itself and consideration within the general Tasmanian-Bassian Cenozoic volcanism story.
During the early Tamar sedimentation, Tasmanian volcanism was largely restricted to the far eastern margin, between 70-76 Ma in north-eastern Tasmania (Everard et at. 2004a, EL. Sutherland and H. Zwingmann unpublished data) and between 59-65 Ma in south eastern Tasmania (Baillie 1987 , Sutherland et al. 2004 , Everard et al. 2004b . These dates imply potential southerly migratory volcanism, which back-tracks on slow Southern Ocean spreading rates to 85-95 Ma Gippsland Basin rifting and attendant Victorian margin volcanism ( fig. 8 ). The Gippsland rift was a failed spreading arm of the Tasman Sea spreading triple point, a structure linked to plume volcanism (Sutherland 1994 ). The precise nature of this plume path and its geochemical relationships to the Tasmanian seamounts and Tasmanian basalts, however, have various interpretations (Lanyon et at. 1993 , Crawford et at. 1997 , Gaina et al. 2000 , Sutherland et al. 2004 . Nevertheless, the timing of HIMU-related alkali basalts (45--47 Ma) extending east from the Tamar Trough to Weldborough and St Helens Seamount and south to Glenfern in the Derwent Valley (Sutherland et al. 2004 , Everard et al. 2004b ) is consistent with suggested Gippsland -Tasmanian Seamounts plume positions.
Recent studies of hotspot plumes, such as the Gippsland plume, suggest they may mark both metasomatic and magmatic processes related to triple junctions, failed rifts and ancient sutures, rather than necessitating deep-mande plumes (Smith 1993 , Finn et at. 2005 , Sears et at. 2005 . This is compatible with a proposed model for quasi-continuous, but episodic Tasmania volcanism that resulted from lithospheric drift of eastern Australia over an extended Tasman Sea plume zone (Sutherland et al. 1989) . Furthermore, precise Tasmanian basalt ages (Sutherland et al. 2004 , Everard et al. 2004b ) and better-controlled Australian plate motion paths back to 80 Ma (Sutherland 2003) now allow more detailed testing of the Tasman margin magma source model for Tasmanian volcanism. A fuller development will be given elsewhere, but for this Tamar Trough study a simplified model that relates the Tamar basalts to migratory links through eastern Victoria is presented in figure 8 .
The proposed model predicts that the prominent Tamar alkaline volcanism dated at 46--47, 34-37 and 24-25 Ma and also the Early Oligocene tholeiites are a consequence of drift of the area over magma sources that previously fed the older eastern Victorian basalt fields. It also predicts the lack of Late Neogene (<24 Ma) volcanism in the Tamar sequence, as no basalt sources of appropriate age occur in eastern Victoria to intersect the Tamar track.
The periodic events where massive basalt flows entered the Tamar drainage between 47-24 (?) Ma, disrupted extant river courses and sedimentation regimes and also introduced resistant basalt bulwarks within the erosional cycles. In the last 20 Ma, the Tamar evolution has largely progressed through erosivel sedimentary cycles linked to Tasmanian climatic and sea level changes, unimpeded by volcanic disruptions. Quartz tholeiite: Kelso DDH 1I51.55m (DQ 819489). Olivine phenocrysts (5-10% $ 1 mm but mostly ~ 500 rm) grade into an intergranular to intersertal groundmass, with patches of "black glass". Most glass areas are completely altered to pale brown, coarsely fibrous material, although some remain largely fresh.
Pre-Carboniferous Rocks of Tasmania (revised edition).
Groundmass plagioclase laths range from microphenocrysts ($ 700 x 150 rm) to acicular laths (~ 100 rm long, 200-300 rm long) and are accompanied by interstitial granules of colourless augite (50-100 rm), subordinate olivine, and a black glassy meso stasis, partly resolvable into a dense dissemination of blebs and microlites of an opaque mineral.
Quartz tholeiite: Kelso DDHI (DQ 819489) (G400356). Fresh, equant olivine crystals (up to 1 mm), and less abundant plagioclase in narrow larhs (typically 300-500 x 50-100 rm, but grading down to microlites) are set in an abundant mostly clear glass (70-80%). The pale to yellow-green unaltered glass in places passes into a turbid, dark orange-brown to nearly opaque material. Berween fresh and unaltered glass, plagioclase laths are surrounded by brown altered glass and probably acted as nuclei during the alteration of glass. A few irregular vesicles and amygdales contain very fine-grained, brownish material.
Quartz tholeiite: Kelso 2/27.5 m (DQ 814491).
Numerous polygonal euhedra and subhedra of olivine (mostly 500 rm-1 mm across) and plagioclase laths ($ 1 mm x 150 rm) grade down into a groundmass in which inhomogeneous black glass contains elongate to radiating trichites of plagioclase and uneven disseminations of opaque dust. Numerous irregular vesicles ($10 mm) are lined with fibrous zeolite (phillipsite?) or pale yellowbrown, isotropic to kelyphytic material (palagonite?); some contain carbonate.
Transitional olivine basalt: Kelso DDH 2/7.0 m (DQ 814491). Numerous, mostly corroded and partly altered, olivine phenocrysts ($ 1 mm) lie in a medium-to fine-grained holocrystalline intergranular groundmass with a marked flow lamination.
The groundmass contains aligned plagioclase laths (200-400 rm long), interstitial granules of colourless augite (10-50 rm), abundant well-crystallized opaque minerals in equant grains (10-40 rm) and acicular laths ($ 100 x 5 rm) and a mesostasis enclosing tiny needles of apatite. Sparse, nearly round amyglades ($ 1mm) contain granular carbonate. Relatively abundant olivine phenocrysts ( 0:: 3.5 mm, but mostly 500 pm-l mm) and rare glomerocrysfs grade down into a fairly coarse-grained intergranular groundmass consisting of plagioclase in laths and irregular anhedra (mostly 500 )1m-l mm long), titaniferous augite granules (l00-200 elongate (100-400 x 10-20 opaque grains and tiny biotite flakes (0:: 50 )1m) and acicular apatite. A few rounded amygdales (0::300 tim) arc tIlled with nepheline, Some alteration appears on margins and fractures of olivine phenocrysts along with similar patchy material in the groundmass.
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